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Introduction 41
Proteins and polysaccharides are two of the most important functional biopolymers in food 42 products. Their interactions in aqueous solutions can result in coacervates, complexes or gels 43 depending on charge density, protein/polysaccharide binding affinity and other molecular 44 characteristics (conformation, contour length, chain flexibility and molecular weight) ( In addition, they can be formed at extremely low concentrations of biopolymers (Turgeon & 55 Laneuville, 2009 ). In order to fully control their functional properties for application design, it is 56 necessary to understand the mechanisms involved in the interactions between proteins and 57 polysaccharides and the way in which these interactions can be tuned (Bernal, Smajda, Smith & 58 Stanley, 1987) . 59
Protein/polysaccharide mixed gel formation depends on the nature and characteristics of the 60 biopolymers. For both proteins (Le, Rioux & Turgeon, 2016) and polysaccharides (Ballester, 61 Turgeon, Sanchez & Paquin, 2005) , a higher biopolymer concentration is needed to form a gel 62 when the molecular weight and charge density are lower. Electrostatic forces are the dominant 63 7 alone in the investigated concentration range (0.2 -2.0 %, w/v) and of H-GB at concentrations less 131 than 1.0 % w/v were too low and noisy to be reported. 132
Confocal laser scanning microscopy (CLSM) 133
CLSM observations of the GB/XG solutions were performed with an Olympus IX 81 inverted 134
Confocal Microscope (Olympus Canada Inc., Richmond Hill, ON, Canada). GB was stained with 135
Nile Blue A (N0766, Sigma) in solution under magnetic stirring for 30 min before mixing with 136 XG solutions. On the other hand, XG was covalently labeled with 5-(4,6-dichlorotriazinyl) 137 aminofluorescein (DTAF) (D0531, Sigma) using a method described previously (Wang, Natale, 138 Virgilio & Heuzey, 2016). Preliminary experiments showed that labeling did not change the 139 rheological behavior of the solutions. After mixing, solution samples were poured into Petri dishes 140 (P35G-1.5-14-C, MatTek), which were closed with cover slips and hermetically sealed with oil. 141
Observation of XG was made by excitation of DTAF at 488 nm, the emission being recorded 142 between 510 and 550 nm. Observation of GB was made by excitation of Nile Blue A at 633 nm, 143 the emission being recorded between 650 and 680 nm. Micrographs were taken using a 60x 144 objective lens at a 2048 x 2048 pixels resolution. All micrographs were subsequently analyzed 145 using Image J software. To calculate the average size of GB-poor domains, at least 10 small bright 146 regions (50 x 50 μm) from no less than 2 different CLSM images for each sample were selected. 147
Brightness and contrast were adjusted to make GB-poor domains clearer, and the micrographs 148 were then transformed into 8-bit binary images. A median filter was used to remove noise and 149 smooth contours. By modeling GB-poor domains as cylinders, an average diameter value 150 corresponding to a microstructure length scale could be obtained (Esquirol, The specific interfacial area, S, between GB-rich domains and GB-poor domains is first given 154 by 155
where P is the interfacial perimeter between GB-rich and GB-poor domains (obtained by image 157 analysis), and A is the micrograph area. The average diameter d of GB-poor domains is then 158 obtained as follows: 159
where ΦGB-poor is the volume fraction of GB-poor domains in solution, also obtained by image 161 analysis (because of microstructure isotropy, the GB-poor domains surface fraction on the 162 micrographs is taken equal to the volume fraction in solution). 163
In this work, GB-rich domains can also be referred to as biopolymer-rich domains since XG and 164 GB are mixed at pH close to the pI of GB, where strong complexation occurs. pH occurs over the range of pH 3.5-5.0. This is due to the deprotonation of -COOH groups with 188 increasing pH, and is followed by a plateau after deprotonation is complete. Note that the data for 189 R-XG were reported in our previous work ( At a pH equal to or above the pI of GB, complexation decreases, which makes network formation 211 unlikely. In other words, an optimal pH exists to obtain the strongest gelation properties. Mixing GB and XG significantly enhances the rheological properties and endows the system with 236
time-dependent properties. In addition, G' is always higher than G" for these GB/XG mixtures 237 after 8 hrs (Figure 3b and Figure S2) , showing a soft solid-like behavior. 238
The G' of the mixtures initially increases rapidly followed in most cases by a slow rise, as shown 239
in Figure 3a, Figure 4 and Figure S2 . The elastic modulus after 8 hrs (G8h') increases significantly 240 for the mixtures containing H-GB as compared to those containing L-GB (compare Figure 3 and 241 
GB/R-XG mixtures over the sum of the G8h' of neat H-GB and R-XG at concentrations in 268 the corresponding mixtures, as a function of H-GB concentration. 269
In the next section, confocal laser scanning microscopy is employed to analyze the 270 microstructure of the mixtures. 271
Confocal laser scanning microscopy (CLSM) 272
Figure 6 shows a set of images for L-GB/Sigma-XG mixtures at different ratios, while Figure  273 7 exhibits the effect of XG molecular weight on L-GB microstructure. The microstructure of 274 GB/XG mixed gels generally consists of biopolymer-rich and biopolymer-poor domains. In 275 comparison, neat GB and XG solutions at similar concentrations have no visible structure and 276 appear homogeneous (images not shown). Both GB and XG exhibit a composition-dependent 277 structural transition in mixed gels. GB has a discontinuous agglomerated morphology at low GB 278 content (cGB ≤ 0.2 % w/v); a continuous network structure at intermediate GB content followed by 279 a fragmented network structure at high GB content (cL-GB = 1.6 % w/v and cH-GB = 2.0 % w/v). Figure S4 ). For the systems with GB/XG ratios of 5 and 6 we observe 285 significant XG content in the biopolymer-poor domains whereas at higher ratios most of the XG 286 appears to be colocalized with the GB-rich domains. The biopolymer-rich domains first decrease 287 in size (up to ratio 6) and then grow again (ratio ≥ 8) with increasing GB concentration. As we 288 reported previously, the XG network disappears when increasing the pH to 7.0 (Figure S5 The mixtures (Figure 9 ) exhibit three peaks: peak 1 corresponds to L-GB and peak 2 and 3 to 382 R-XG. When R-XG concentration is 1.0 % w/v, the two peaks of the R-XG shift to higher 383 temperatures in the presence of L-GB as compared to those of neat R-XG. The enthalpy of XG 384 also increases with increasing L-GB concentration ( Table 1) . At a XG concentration of 0.5% w/v, 385 peak 2 is no longer visible. These features indicate that more stable XG microstructures are formed 386 with the help of GB. This phenomenon is due to the neutralization of XG molecules after 387 complexation with GB, which then promotes the formation of the XG ordered structure. 388
Furthermore, the enthalpy of L-GB increases in the presence of R-XG. The enthalpy values of 1.0 389 % w/v L-GB in the mixtures are even higher than that of 2.0 % w/v L-GB alone ( Table 1) . This 390 suggests that XG also enhances or promotes L-GB gelling by triple helix formation. 391 28 Note that clarified XG and its mixtures with L-GB were also studied, and they exhibit similar 392 results except that there is only one peak instead of two for the neat clarified XG, and two peaks 393 rather than three for the mixtures (see Figure S7) . 394
Proposed synergistic gelation mechanism 395
XG molecules are known to undergo a disorder-to-order (coil-to-helix) transition in response to 396 charge screening and/or temperature decrease. The XG backbone takes on a helical conformation 397 and the trisaccharide side chains collapse onto the backbone and stabilize the ordered conformation 398 (Katzbauer, 1998; Rochefort & Middleman, 1987; Stephen, 1995) . Weakly associated XG 399 aggregates can subsequently form side-by-side associations between neighboring ordered regions, 400 which gives a tenuous network structure and endows XG dispersions with a weak "gel- When mixing the two biopolymers in aqueous solution near the pI of GB, and above the coil-to-409 helix transition temperature of XG (represented by T3'), the electrostatic attraction between the 410 negative charges of XG and the positive patches of GB gives rise to soluble GB/XG complexes 411 (Figure 10a) . This complexation decreases the XG charge density. When the temperature is in-412 between T3' and T1' (representing the coil-to-helix transition of GB), the soluble complexes 413 assemble into interpolymer complexes in the form of XG ordered structures (Figure 10b) . Since 414 factors that stabilize the ordered structure also favor the formation of XG aggregates (Norton, 415 Goodall, Frangou, Morris & Rees, 1984; Stephen & Phillips, 2010) , it is reasonable to say that 416 30 large scale assemblies of interpolymer complexes stabilized by GB are also formed under these 417 conditions through side-by-side associations between the ordered XG domains. The local 418 concentrations of both GB and XG are therefore increased. When the system is cooled down below 419 T1', GB triple helix formation occurs, promoted by its enhanced local concentration. With time, 420 GB/XG interpolymer complexes and aggregates concentrate locally in space and become linked 421 together due to GB gelling (Figure 10c) . This finally results in a percolated network of 422 biopolymer-rich domains, explaining the observed increase in G' of GB/XG mixtures with time 423 (Figure 3, Figure 4 and Figure S2 ). When the network is heated again, the system first goes 424 through the helix-to-coil transition of GB (T1 in The proposed mechanism is further supported by a rheological temperature sweep (Figure 11) . 
